The (histone) deacetylase Sirt1 is a mediator of genomic and epigenetic maintenance, both of which are critical aspects of stem cell homeostasis and tightly linked to their functional decline in aging and disease. We show that Sirt1 ablation in adult hematopoietic stem and progenitor cells (HSPCs) promotes aberrant HSPC expansion specifically under conditions of hematopoietic stress, which is associated with genomic instability as well as the accumulation of DNA damage and eventually results in a loss of long-term progenitors. We further demonstrate that progenitor cell expansion is mechanistically linked to the selective upregulation of the HSPC maintenance factor and polycomb target gene Hoxa9. We show that Sirt1 binds to the Hoxa9 gene, counteracts acetylation of its histone target H4 lysine 16, and in turn promotes polycomb-specific repressive histone modification. Together, these findings demonstrate a dual role for Sirt1 in HSPC homeostasis, both via epigenetic regulation of a key developmental gene and by promoting genome stability in adult stem cells.
Stem cell homeostasis is a central aspect of tissue maintenance and regeneration in response to injury or stress, which is perhaps best exemplified in hematopoietic stem and progenitor cells (HSPCs; Geiger and Rudolph, 2009; Wilson et al., 2009 ). Adult HSPCs show extensive selfrenewal capacity and allow for long-term multilineage differentiation in the hematopoietic system. If deregulated, this process can result in a variety of disorders including myeloproliferative diseases and loss of immune function (Aggarwal et al., 2012) . Recent evidence suggests that DNA damage accumulation or a defective response to genotoxic stress is a key contributor to aberrant expansion and concomitant functional exhaustion of HSPCs, which is further associated with altered expression of hematopoietic differentiation factors and age-associated stem cell decline (Rossi et al., 2005 (Rossi et al., , 2007 Dykstra et al., 2011; Wang et al., 2012) . Determining the factors that affect HSPC function with regard to both DNA damage accumulation and epigenetic deregulation is, thus, critical for our understanding of HSPC homeostasis in aging and disease.
The silent information regulator 2 (Sir2) family of proteins is a group of NAD + -dependent protein deacetylases initially discovered in yeast (Klar et al., 1979; Rine et al., 1979) , which have been linked to longevity as well as a variety of physiological stress responses (Haigis and Sinclair, 2010; Chalkiadaki and Guarente, 2012; Yuan et al., 2012b) . The closest mammalian Sir2 ortholog, Sirt1, is further involved in the transcriptional regulation of several key developmental regulators (Calvanese et al., 2010; Haigis and Sinclair, 2010; Lu et al., 2011) and was reported to associate with the stem cell-specific Polycomb group (PcG) repressive complex PRC4, preferentially under conditions of oxidative stress (Kuzmichev et al., 2005; O'Hagan et al., 2011) . Consistent with a role for Sirt1 in stem cell homeostasis, Sirt1-deficient embryonic stem (ES) cells show increased sensitivity to oxidative stress, DNA damage accumulation, and genomic instability (Oberdoerffer et al., 2008;  cues (Narala et al., 2008; Leko et al., 2012; Matsui et al., 2012; Peled et al., 2012) .
To unequivocally address the role of Sirt1 in HSPCs, we used two complementary approaches for conditional ablation of Sirt1: induced deletion in adult mice and constitutive deletion specifically in the hematopoietic lineage. In so doing, we uncovered an unexpected aspect of Sirt1 function that has the potential to reconcile previously conflicting reports: we found that Sirt1 ablation promotes aberrant expansion of HSPCs in vivo specifically in response to hematopoietic stress, as shown here for cytotoxic and genotoxic agents. Sirt1 ablation in HSPCs further led to a reduced ability to repair DNA Wang et al., 2008) . Moreover, Sirt1 has been linked to compromised differentiation of ES cells into cells of the hematopoietic lineage (Han et al., 2008; Ou et al., 2011) .
Based on these observations, it is tempting to speculate that Sirt1 may also be a critical regulator of adult stem cell maintenance. The role of Sirt1 in HSPC homeostasis is, however, a current topic of debate. To date, no obvious HSPCrelated phenotype has been detected in Sirt1-deficient mice, although in vitro analyses have implicated Sirt1 as either a positive or negative regulator of HSPC maintenance and/or differentiation after growth factor stimulation, suggesting that Sirt1 function in HSPCs may be susceptible to environmental Representative FACS analysis of lineage marker-negative HSPCs based on expression of c-Kit and Sca-1 in 4-OHT-treated Sirt1-E4 fl/fl ERT2-Cre (SIRT1 / , n = 5) or ERT2-Cre control mice (Cre, n = 5). (C) Frequency of LSK subset in BM from Sirt1-E4 fl/fl Cre (n = 5) and Sirt1 / (n = 5) mice after 8-9 wk of 4-OHT administration. Each diamond represents an individual mouse, and results from two independent experiments were combined. P-values are based on a two-tailed Student's t test. (D and E) Total number of indicated BM subsets in two independent experiments. BM cells were derived from two hind legs (femurs and tibias) of SIRT1 / mice and Cre controls after 7-8 wk of 4-OHT administration. Subsets were identified based on CD34, Flk2, and CD150 (D; Cre n = 4, SIRT1 / n = 5) or CD48 and Flk2 (E; Cre n = 4, SIRT1 / n = 3). Error bars depict SD. See Fig. S1 A for representative gating strategies. (F) Fraction of cycling, BrdU + HSPC subsets measured after 18 h of BrdU administration in CD150 + CD34 low , total CD150 + , CD150  Flk2  , and CD150  Flk2 + progenitors and Lin  Sca-1  c-Kit  (L  K  S  ) cells from mice in D: Cre (n = 3) and SIRT1 / (n = 5), diamonds represent individual animals. Horizontal bars represent the mean of all data points. *, P ≤ 0.05; **, P ≤ 0.01; NS, not significant.
hematopoietic stem cells (LT-HSCs: CD150 + , CD34  , CD48  , Flk2  ) and multipotent progenitor cell subsets, listed here by decreasing self-renewal and increasing proliferation capacity (based on Wilson et al., 2008) : MPP1/2 (CD150 + , CD34 + , CD48 /+ , Flk2  ), MPP3 or short-term HSCs (CD150  , CD34 + , CD48 + , Flk2  ), and MPP4 (CD150  , CD34 + , CD48 + , Flk2 + ). Sirt1 loss promoted an increase in HSPC subsets that was first apparent in CD150 + CD34 + progenitors and continued throughout more differentiated CD150  MPP subsets (Fig. 1, D and E; Fig. S1 A) . CD34-expressing CD150 + HSCs represent activated, early progenitors that are characterized by increased proliferative capacity as compared with quiescent HSCs (Wilson et al., 2008) . We, thus, sought to determine if Sirt1 loss is associated with increased HSPC proliferation by analyzing BrdU incorporation in SIRT1 / and Cre control mice. In so doing, we observed increased cycling in Sirt1-deficient, early (CD150 + CD34 low and total CD150 + ) progenitor subsets (Fig. 1 F; Fig. S1 B) . More differentiated MPPs and Lin  c-Kit  Sca-1  non-HSPCs showed only minor changes in BrdU incorporation compared with Cre controls (Fig. 1 F) , suggesting that the observed HSPC expansion in the absence of Sirt1 is, at least in part, the result of an early progenitor cell-specific increase in proliferation. Together, these data establish Sirt1 as a modulator of adult HSPC homeostasis in vivo.
HSPC expansion in the absence of Sirt1 depends on hematopoietic stress HSPC expansion upon 4-OHT-induced Sirt1 deletion was unexpected given that no change in HSPC subsets was found using conventional Sirt1 knockout mice (Leko et al., 2012) . Notably, 4-OHT treatment caused a reduction in overall BM cellularity, which was comparable between SIRT1 / mice damage, resulting in genomic instability and a progressive loss of long-term progenitors after stress-induced proliferative expansion or DNA damage. Through gene expression profiling and molecular characterization, we implicate epigenetic deregulation and inappropriate induction of the PcG target and HSPC maintenance factor Hoxa9 as the mechanism that promotes HSPC expansion in the absence of Sirt1. Together, these findings highlight the relevance of stress-related physiological changes with regard to Sirt1 function in HSPCs and uncover a critical role for Sirt1 in both genomic and epigenetic HSPC maintenance.
RESULTS

Induced Sirt1 ablation results in expansion of adult HSPCs
To determine the role of Sirt1 in the maintenance of adult HSPCs and, thereby, avoid possible developmental defects associated with conventional Sirt1 knockout mice (McBurney et al., 2003; Ou et al., 2011) , we crossed mice homozygous for a conditional Sirt1 knockout allele in which Sirt1 exon 4 is flanked by two loxP sites (Sirt1-E4 fl/fl ) to the 4-hydroxy-tamoxifen (4-OHT)-inducible ERT2-Cre transgene (Ruzankina et al., 2007) . Exon 4 was efficiently removed in the BM of mice fed with 4-OHT-supplemented chow, whereas no deletion was detected in the absence of 4-OHT (Fig. 1 A) . Deletion of Sirt1 exon 4 was previously shown to result in a truncated protein, which lacks catalytic activity and phenocopies the Sirt1-null phenotype (Cheng et al., 2003) .
After 4-OHT treatment, we observed a pronounced increase in the HSPC-containing lineage-negative (Lin  ), c-Kit + , Sca1 + (LSK) BM subset from Sirt1-E4 fl/fl , ERT2-Cre (SIRT1 / ) mice when compared with ERT2-Cre transgenic (Cre) control mice (Fig. 1, B and C). Based on differential surface marker expression, LSK cells can be further subdivided into long-term Before BM transfer, WT and SIRT1 / mice were treated with 4-OHT for 4 wk. After transfer, mice were kept on a 4-OHT-free diet for 20 wk. Sirt1 exon 4 deletion in BM chimeric mice was validated as described in Fig. 1 A (not depicted). At least five recipient mice were analyzed per group for indicated LSK subsets by FACS, and donor origin was confirmed using CD45.2 staining (>95%). Total BM cell numbers from two hind legs are shown. Error bars represent SD. (C) BM from 4-OHT-treated Sirt1-E4 fl/fl , ERT2-Cre mice (SIRT1 / , n = 4) and age-matched 4-OHT-treated ERT2-Cre controls (Cre, n = 5) was mixed with congenic CD45.1 + host BM at a 1:1 ratio. The frequency of CD45.2 + donor LSK in total BM was analyzed by FACS 20 wk after transfer, and diamonds depict individual recipient mice. Horizontal bars represent the mean of all data points. **, P ≤ 0.01.
in the total number of HSPC subsets between recipients of Sirt1-deficient and control BM in the absence of 4-OHT (Fig. 2 B) , suggesting a role for hematopoietic stress in promoting expansion of Sirt1-deficient HSPCs. In further support of this notion, both SIRT1 / and Cre control BM contributed equally to the LSK subset when competitively transferred with CD45-congenic WT BM in the absence of 4-OHT (Fig. 2 C) .
The effect of Sirt1 on HSPC maintenance is cell autonomous and specific to stress-induced but not developmental expansion To validate the impact of Sirt1 loss on HSPC homeostasis in response to hematopoietic stress in a cell-autonomous manner, and to eliminate experimental limitations as a result of and Cre controls (Fig. 2 A) , and is consistent with general clastogenic cytotoxicity in response to 4-OHT (Vijayalaxmi and Rai, 1996) . Both blood loss and cytotoxic agents represent common sources of hematopoietic stress that are capable of promoting activation of quiescent HSPCs (Passegué et al., 2005; Wilson et al., 2009 ). We, thus, hypothesized that HSPC expansion in the absence of Sirt1 may be the result of an exacerbated response to hematopoietic stress. To determine if altered HSPC maintenance is stress dependent, we transferred BM from 4-OHT-treated Sirt1-E4 fl/fl , ERT2-Cre (SIRT1 / ) or Sirt1-E4 fl/fl (WT) control donors into lethally irradiated, CD45-congenic WT hosts that were subsequently maintained in the absence of 4-OHT.
In contrast to our findings in mice that were chronically exposed to 4-OHT (Fig. 1, D and E) , we observed no difference (WT, n = 5) , and vav-iCre (Cre, n = 2) control mice were treated with 4-OHT at 5 mo of age for 11 wk and the frequency of the indicated LSK subsets was analyzed by FACS. Cell numbers from two hind legs are shown. P-values are based on comparison of SIRT1 / to combined controls. (B) Sirt1-E4 fl/fl , vav-iCre mice (SIRT1 / , n = 3) and Sirt1-E4 fl/fl controls (WT, n = 3) were treated with 5-FU at 4-5 mo of age and analyzed 2 wk later as in A. Representative gating strategies are shown in Fig. S2 . Total BM cell number from two hind legs is shown for the indicated subsets. (C) Frequency of CD150 + CD34 + LSK progenitors and total LSKs in 2-wk-old Sirt1-E4 fl/fl , vav-iCre mice (SIRT1 / , n = 6), WT (n = 12), or vav-iCre (n = 3) controls. 5-mo-old mice from B are shown for comparison (n = 3 per group). (D) Total BM cell numbers of indicated HSPC subsets in 2-wk-old Sirt1-E4 fl/fl , vav-iCre mice (SIRT1 / ) and WT or vav-iCre controls (Cre). Panels represent individual litters of either WT (n = 9) and SIRT1 / (n = 3) or WT (n = 2) and Cre mice (n = 6). Error bars represent SD. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. again first observed in CD150 + CD34 + early progenitors, further corroborating the requirement for hematopoietic stress in driving the expansion of Sirt1-deficient HSPCs (Fig. 3 B) .
To determine if the effect of Sirt1 loss is specific to conditions of hematopoietic stress or a general consequence of stem and progenitor cell expansion, we analyzed the impact of Sirt1 ablation on HSPC subsets during preadult hematopoietic development. Fetal and preadult HSCs are predisposed to stress-independent proliferative expansion, which is, in part, reflected in higher CD34 expression levels compared with adult, quiescent HSCs (Ito et al., 2000; Mikkola and Orkin, 2006; Wilson et al., 2008) . Fittingly, we found an increase in activated, CD34 + CD150 + early progenitors in preadult (2 wk old) BM LSK cells from both SIRT1 / and control mice when compared with 5-mo-old adult mice (Fig. 3 C) . However, in sharp contrast to Sirt1 ablation after hematopoietic stress (Fig. 3 , A and B), Sirt1 loss had no effect on either CD150 + CD34 + HSPC or total LSK frequency during developmental expansion (Fig. 3, C and D) . This result likely reflects intrinsic differences in the regulation of preadult and adult hematopoietic progenitor maintenance and self-renewal (Mikkola and Orkin. 2006; see discussion) . Together, these data demonstrate that Sirt1 is required for adult HSPC maintenance in a cellautonomous manner, specifically under conditions of hematopoietic stress.
the dual use of 4-OHT as both ERT2-Cre inducer and a source of hematopoietic stress, we generated SIRT1-deficient mice using the vav-iCre transgene, which is predominantly expressed in the hematopoietic lineage (de Boer et al., 2003) . Sirt1-E4 fl/fl , vav-iCre (SIRT1 / ) mice, Sirt1-E4 fl/fl (WT), and vav-iCre (Cre) controls were then exposed to 4-OHT for 11 wk and analyzed for HSPC subset distribution. We observed a significant increase in LSK subset numbers in the absence of Sirt1 compared with control mice, in agreement with our observations in the ERT2-Cre model (Fig. 3 A) . We next sought to determine the consequences of Sirt1 loss in response to an independent, temporally controlled source of hematopoietic stress: treatment with the pyrimidine analogue 5-Fluorouracil (5-FU). A single injection of 5-FU selectively depletes proliferating cells, which in turn promotes the cycling of quiescent HSPCs and concomitant hematopoietic cell recovery (Harrison and Lerner, 1991) . HSPC subset distribution and frequencies in Sirt1-E4 fl/fl , vavi-Cre mice and Sirt1-E4 fl/fl controls were analyzed both in the presence and absence of 5-FU. In agreement with previous observations using conventional Sirt1 knockout mice and our data from non-4-OHT-treated SIRT1 / mice, we found no change in HSPC subsets between Sirt1-E4 fl/fl , vav-iCre mice and littermate controls in the absence of 5-FU (Leko et al., 2012) . 5-FU treatment, in contrast, caused a significant increase in HSPC subset frequencies and numbers, which was Table 1 for details. Mean and SD are based on BM cultures from three animals per group. 50 metaphases were analyzed per sample. (G) Frequency of -H2AX + LSK and Lin  c-Kit  Sca-1  non-HSPC cells in vivo from mice in Fig. 2 B. Recipients of Sirt1-deficient (SIRT1 / , n = 5) or control (WT, n = 6) BM were analyzed 20 wk after transfer. Diamonds represent individual recipient mice. Horizontal bars represent the mean of all data points. (H) Sirt1-E4 fl/fl , vav-iCre mice (SIRT1 / , n = 10) and age-matched vav-iCre controls (Cre, n = 4) were exposed to sublethal IR (9 Gy) and survival was monitored over 1 mo. P = 0.045 (Wilcoxon Test); P = 0.049 (Log-rank). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; NS, not significant.
Chronic stress exposure promotes loss of long-term progenitor cells
Defects in HSPC maintenance have been associated with the functional exhaustion of stem and progenitor cells over time. This is perhaps best exemplified in aged HSPCs, which show significant expansion but a pronounced loss of long-term reconstitution potential (Rossi et al., 2007; Beerman et al., 2010) . To examine the relationship between stress-associated HSPC maintenance defects after Sirt1 loss and HSC function, we performed serial BM transplantation experiments using Sirt1-E4 fl/fl , ERT2-Cre, and ERT2-Cre or WT control donors that were exposed to 4-OHT for 6 wk before the first transfer. Serial transplantation poses a recurrent stress on LT-HSCs as they are forced to repeatedly expand and reconstitute the hematopoietic system. Recipients of Sirt1-deficient BM showed a pronounced decrease in survival compared with recipients of Cre control BM upon secondary transfer, and Sirt1-deficient hematopoietic cells were counter-selected in surviving recipients by host marrow that escaped irradiationinduced death (Fig. 4, A and C) . Recipients of Cre control BM exhibited impaired survival only upon tertiary transfer (Fig. 4 B) . Our data, thus, demonstrate that the sustained absence of Sirt1 causes the functional exhaustion of long-term progenitors in vivo.
SIRT1-deficient hematopoietic progenitors show increased DNA damage, p53 activation, and genomic instability We next sought to determine the molecular basis for stressassociated loss of HSPC function in Sirt1-deficient progenitor cells. Functional decline of HSPCs has been previously linked to DNA damage accumulation after both (age-related) HSPC expansion and defective genome maintenance resulting from genetic manipulation (Rossi et al., 2007; Niedernhofer, 2008; Wang et al., 2012) . Notably, Sirt1 has been implicated in genome maintenance of ES cells by us and others (Oberdoerffer et al., 2008; Wang et al., 2008) and is involved in several DNA repair processes ranging from homologous recombination to the repair of oxidative lesions in a variety of cell types including leukemic tumor cell lines (Haigis and Sinclair, 2010; Wang et al., 2013) . We, therefore, reasoned that Sirt1 ablation may result in increased DNA damage accumulation and/or genomic instability in HSPCs after stress-induced expansion.
To determine DNA damage accumulation under conditions of proliferative stress in the presence or absence of Sirt1, we cultured Sirt1-E4 fl/fl WT and Sirt1-E4 fl/fl , ERT2-Cre BM cells using stem cell factor (SCF), Flk-2/Flt3 ligand (FLT3L), thrombopoietin (TPO), and IL-6. This and related four factor (4F) cytokine combinations were reported previously to promote selective survival and proliferation of multipotent hematopoietic progenitor cells in vitro (Zhang and Lodish, 2008) . Surface staining confirmed that the majority of both SIRT1 / and WT cells coexpressed the LSK markers Sca-1 and c-Kit after up to 12 d in culture (Fig. 5 A) . Culture in SCF alone supports survival, but has a limited effect on HSPC expansion and served as a control. Sirt1 was deleted before culture in vivo or by transient 4-OHT-mediated Cre induction in vitro, thereby allowing for BM culture in the absence of continued Cre activity. To assess the frequency of cells with DNA double-strand breaks, we measured the accumulation of H2AX phosphorylated on S139 (-H2AX), an early marker of the DSB-induced DNA damage response. Consistent with proliferation-induced damage accumulation, we found an increase in -H2AX + cells upon treatment with all four factors compared with SCF alone. Notably, the frequency of -H2AX + cells was further increased in the absence of Sirt1 (Fig. 5 B) , indicating a synergistic role for proliferation and Sirt1 loss in promoting the accumulation of DNA damage.
Sirt1 was previously shown to counteract activation of the proapoptotic tumor suppressor p53 by deacetylating lysine 379 in response to genotoxic stress (Luo et al., 2001; Vaziri et al., 2001) . Consistent with the increased DNA damage accumulation in Sirt1-deficient hematopoietic progenitor cells cultured in all four factors, we observed a modest increase in p53 acetylation and more Annexin V + apoptotic cells upon Sirt1 loss (Fig. 5, C and D) . No change in the frequency of Annexin V + cells was observed when cells were cultured with SCF alone, in agreement with comparable levels of DNA damage after SCF treatment (Fig. 5, B and E). These findings support the notion that increased activation of the DNA damage response in Sirt1-deficient cells directly correlates with hematopoietic progenitor cell expansion.
To determine possible functional consequences of DNA damage accumulation in the absence of Sirt1, we analyzed in vivo observations, Sirt1 loss caused an increase in cell number, which was most notable under suboptimal growth factor conditions, such as SCF alone, SCF and FLT3L, or SCF, TPO, and FLT-3 (Fig. 6 A) . Only addition of all four cytokines (SCF, TPO, FLT3L, and IL-6) was able to consistently promote efficient expansion of WT cells. BrdU labeling confirmed that Sirt1 loss promotes a significant increase in cycling (BrdU + ) c-Kit + Sca-1 + hematopoietic progenitor cells, which is most pronounced in suboptimal growth conditions (Fig. 6 B) .
Together, these findings demonstrate that ablation of Sirt1 results in proliferative expansion of hematopoietic progenitor cells under conditions of cytokine-induced proliferative stress in vitro.
To identify molecular changes caused by the loss of Sirt1, we performed gene expression profiling of in vitro expanded c-Kit + Sca-1 + cells from 4-OHT-treated Sirt1-E4 fl/fl , ERT2-Cre and ERT2-Cre control mice. BM was cultured in the presence of all four cytokines, which resulted in the most homogeneous progenitor phenotype and further ensured comparable cell numbers between SIRT1 / and control BM ( Fig. 5 A and Fig. 6 A) . Microarray analysis of RNA isolated from these cultures revealed that <2% of total probe sets were altered greater than twofold upon Sirt1 loss (Table S1 ), suggesting selective transcriptional deregulation in the absence of Sirt1. Given the HSPC phenotype described above, we focused on HSPC maintenance and hematopoiesis-related genes (Gene ontology group definitive hematopoiesis, GO:0060216). Of 11 genes found to be expressed within this GO group, only Hoxa9 showed a greater than twofold change in expression in Sirt1-deficient HSPCs (Fig. 6 C) . Moreover, of all expressed Hox genes, only Hoxa9 and its neighbor, Hoxa10 were upregulated greater than twofold in the absence of Sirt1, suggesting locus-specific regulation by Sirt1 (Fig. 6 D) . Transcriptional up-regulation of Hoxa9 was validated by qRT-PCR in an independent experiment, Hoxa7 is shown as a control (Fig. 6 E) . Hoxa9 expression was also increased in Sirt1-deficient cells cultured in SCF or SCF and FLT-3L, and Hoxa10 was upregulated to varying degrees under different growth factor conditions (Fig. 6, E-G) . Together, these data implicate Sirt1 in the transcriptional repression of the Hoxa9 locus. Hoxa9 was previously shown to be a key regulator of HSPC function and maintenance in mice (Thorsteinsdottir et al., 2002; Lawrence et al., 2005) and is expressed in both early and more differentiated HSPC progenitor subsets (Sauvageau et al., 1994) . Moreover, Hoxa9 was shown to be required for efficient proliferation of hematopoietic progenitors in vitro (Thorsteinsdottir et al., 2002; Lawrence et al., 2005) , suggesting Hoxa9 deregulation as a critical mediator of HSPC expansion in the absence of Sirt1.
Sirt1 physically associates with the Hoxa9 gene and promotes repressive histone marks
Given the increase in Hoxa9 mRNA levels in Sirt1-deficient hematopoietic progenitor cells, we next examined whether Sirt1 directly regulates Hoxa9 expression. Hoxa9 was previously shown to be repressed via PcG-mediated H3K27 trimethylation metaphase spreads from 4F cultures and found that Sirt1 loss caused an increase in DSB-related aberrations, including centromeric chromosome fusions, chromosome fragments, gaps, and breaks (Fig. 5 F) . The frequency of individual aberrations observed in cultures from three SIRT1 / and three WT mice is listed in Table 1 . Together, these findings implicate Sirt1 in the genomic maintenance of hematopoietic progenitor cells.
Sirt1 protects HSPCs from DNA damage in vivo
To determine the consequences of Sirt1 loss on DNA damage accumulation in vivo, we analyzed HSPCs from Sirt1-E4 fl/fl , ERT2-Cre animals and littermate controls for the presence of -H2AX. To exclude non-cell-autonomous effects as well as continued activation of Cre, SIRT1 / and WT BM from 4-OHT-treated mice was transferred into CD45-congenic recipients (Fig. 2 B) . In agreement with our in vitro findings, we observed an increase in -H2AX + SIRT1 / HSPCs. Consistent with the HSPC-specific effect of Sirt1 loss on proliferation ( Fig. 1 F) , no increase in -H2AX + cells was observed in Lin  c-Kit  Sca-1  non-HSPCs (Fig. 5 G; Fig. S3 ).
We next sought to determine if increased susceptibility to DNA damage affects HSPC function in Sirt1-deficient mice. To do so, we measured the ability of Sirt1-deficient BM to recover from acute genotoxic stress after -irradiation (IR), which depends on the survival of HSPCs, and short-term progenitors in particular, to allow for recovery of the hematopoietic system. It is of note that the effect of irradiation may be exacerbated by damage to the intestine or other radiationsensitive tissues. To rule out possible nonhematopoietic cell-specific effects of Sirt1 loss in response to IR, we used Sirt1-E4 fl/fl , vav-iCre mice for our analysis. We found that, in the absence of Sirt1, mice succumb to sublethal irradiation (9 Gy) with significantly higher frequency than vav-iCre controls (Fig. 5 H) . Similar results were obtained with ERT2-Cre, Sirt1-E4 fl/fl mice (unpublished data). To gain mechanistic insight into Sirt1-mediated protection of HSPCs from genotoxic stress, we next analyzed acetyl-p53 and total p53 levels in in vitro-expanded hematopoietic progenitor cells after IR. Consistent with the known antiapoptotic role of Sirt1 via p53 deacetylation (Luo et al., 2001; Vaziri et al., 2001 ), we observed a pronounced increase in p53 acetylation and concomitant induction of apoptosis in Sirt1-deficient cells, suggesting that activation of the p53 pathway at least in part contributes to DNA damage-induced HSPC loss in the absence of Sirt1 (Fig. 5, C and D) . Together, these data demonstrate that Sirt1-deficient HSPCs are more sensitive to genotoxic stress in vivo and support the notion that accumulated DNA damage promotes the loss of pluripotent HSCs after stressinduced deregulation of HSPC homeostasis.
Sirt1 ablation promotes hyperproliferation and increased Hoxa9 expression in vitro
Having shown that Sirt1 loss promotes stress-associated expansion of hematopoietic progenitors, we next sought to dissect the molecular basis for this phenomenon using the in vitro culture approach described above. Consistent with our caused a significant increase in K16-acetylated histone H4 (H4K16-Ac), which is a modification associated with transcriptional activation and a known preferred enzymatic target for Sirt1 deacetylase activity (Fig. 7 B; Vaquero et al., 2004) . H4K16-Ac levels were highest at the Hoxa9 promoter consistent with the robust effect of Sirt1 loss on Hoxa9 expression. Notably, a modest increase in H4K16 acetylation was also observed at two neighboring Hox-A cluster genes, Hoxa10 (Cao and Zhang, 2004) . Notably, Sirt1 was found in complex with several PcG components in an interaction that is enhanced in response to stress (Kuzmichev et al., 2005; O'Hagan et al., 2011) . To investigate if Sirt1 regulates Hoxa9 at the chromatin level, we performed chromatin immunoprecipitation (ChIP) for Sirt1 in in vitro-expanded hematopoietic progenitor cells and found Sirt1 enrichment at the Hoxa9 locus, which was most pronounced in the gene body (Fig. 7 A) . Sirt1 deletion 
DISCUSSION
Here, we identify a dual role for Sirt1 in HSPC maintenance under conditions of hematopoietic stress. We find that Sirt1 negatively regulates the expression of a key developmental regulator of HSPC maintenance and differentiation, the PcG target gene Hoxa9. Consistent with the observation that Hoxa9 overexpression can promote HSPC expansion (Thorsteinsdottir et al., 2002) , we show that Sirt1 loss promotes a stress-dependent increase in HSPC numbers and proliferation both in vivo and in vitro. Expansion of Sirt1-deficient HSPCs is further associated with the accumulation of DNA damage and genomic aberrations, which causes a loss of hematopoietic potential in response to serial transplantation or sublethal doses of irradiation. Together, these findings place Sirt1 at a central position in stress-associated HSPC homeostasis (see model in Fig. 8) .
Sirt1 was previously shown to interact with the PcG repressive complex PRC4, which is expressed specifically in stem and cancer cells (Kuzmichev et al., 2005) . Notably, the and Hoxa7. Although Hoxa10 showed variable up-regulation upon Sirt1 loss, Hoxa7 levels remained stable, suggesting an additional level of regulation downstream of Sirt1-mediated changes in chromatin accessibility. Importantly, no increase in H4AcK16 was observed at two distant Hox loci, Hoxb8 and Hoxc9, which further showed significantly reduced Sirt1 binding compared with Hoxa9, supporting a locus-specific effect of Sirt1-mediated Hox gene regulation (Fig. 7, B and D) . Increased H4K16-Ac was previously found to be inversely correlated with PcG-associated repressive marks (O'Hagan et al., 2011) , and consistent with this notion, H3K27 trimethylation was reduced in the absence of Sirt1. Moreover, we observed a strikingly similar pattern of enrichment for both H3K27-me3 and Sirt1 across the Hoxa9 gene (Fig. 7, B and C) . Together, these data support a direct role for Sirt1 in the epigenetic regulation of the PcG target Hoxa9 and provide a molecular basis for Hoxa9 up-regulation and concomitant HSPC expansion in the absence of Sirt1. Sirt1 loss did not affect homeostasis of preadult hematopoietic progenitors, which are predisposed to proliferative expansion during HSPC development. Unlike preadult HSPCs, their adult counterparts rely on the maintenance of conservative self-renewal/quiescence, likely mediated by inherent differences in transcription factor requirements and gene expression profiles (Mikkola and Orkin, 2006; He et al., 2011) . Interestingly, the PcG gene Bmi-1 is required specifically for adult hematopoiesis, consistent with the notion that the regulation for PcG target genes may differentially affect fetal and adult hematopoiesis (Park et al., 2003) . We speculate that Sirt1-associated epigenetic changes may play a similar role to ensure controlled stress-associated HSPC expansion in the adult, a process which would likely be disadvantageous during developmental HSPC expansion. The finding that Sirt1 function in HSPCs is affected by both developmental state and hematopoietic stress may further help reconcile previously conflicting reports regarding the role of Sirt1 in HSPCs (Narala et al., 2008; Leko et al., 2012; Matsui et al., 2012; Peled et al., 2012) .
In agreement with the known role for Sirt1 in genomic maintenance in ES and tumor cell lines, Sirt1 loss was further associated with the accumulation of DNA damage in HSPCs in vivo and in vitro (Fig. 5) . Notably, this process was aggravated during HSPC expansion, reminiscent of DNA damage accumulation during HSPC expansion with age (Rossi et al., 2007) . As a consequence, Sirt1-deficient HSPCs showed increased radiation sensitivity, p53 activation, and apoptosis and a decline in LT-HSC number and function after serial transplantation. These findings are in agreement with several recent studies demonstrating the detrimental impact of DNA formation of Sirt1-containing PcG complexes was enhanced in the presence of oxidative stress (O'Hagan et al., 2011) ; their physiological relevance, however, remained elusive. Our data now provide evidence that Sirt1 can directly modulate the expression of PcG target genes at the chromatin level, which may at least in part control maintenance of HSCs. In agreement with the limited expression pattern of PRC4, we found that HSPCs were more susceptible to the consequences of Sirt1 loss than more differentiated hematopoietic cell subsets (Figs. 1 F and 5 G) . Fittingly, the effect of Sirt1 on Hox gene regulation was limited to the HSPC-associated Hox-A cluster genes Hoxa9 and Hoxa10, and increased H4K16 acetylation in the absence of Sirt1 appeared specific to the Hox-A cluster (Fig. 7 B) . Notably, increased H4 acetylation was not sufficient to induce Hox-A gene expression, as indicated by the lack of Hoxa7 up-regulation despite a moderate increase in H4K16-Ac levels. Similar observations have been made for myc-or glucocorticoid receptor-associated H4 acetylation, which is necessary but not sufficient to induce transcription of target genes (Frank et al., 2001; Flavin et al., 2004) . These findings suggest that loss of PcG-mediated silencing poises HSPC developmental genes for transcriptional deregulation in response to additional, environmental cues.
Consistent with this notion and in agreement with a previous study by Leko et al. (2012) , we found that loss of Sirt1 by itself is not sufficient to promote HSPC expansion in vivo (Figs. 2 B and 3 B) . Instead, we observed a significant increase in HSPCs specifically in response to hematopoietic stress. This observation is reminiscent of work by Chua et al. (2005) demonstrating that Sirt1-deficient MEFs have enhanced proliferative capacity under conditions of chronic stress. Notably, 8-12-wk-old mice were injected i.p. with 1 mg 4-OHT, followed by administration of 4-OHT-supplemented chow for the indicated time periods (360 mg/kg tamoxifen citrate [Sigma-Aldrich] in AIN-93G purified rodent diet [Dyets Inc.] ). PCR-based genotyping for exon 4 deletion was performed on peripheral blood lymphocytes isolated by retro-orbital bleeding after 2-6 wk of 4-OHT treatment. For tissue-specific deletion, Sirt1-E4 fl/fl mice were crossed to vav-iCre transgenic C57BL/6 mice and deletion was confirmed by PCR as above. To determine radiation sensitivity, mice were subjected to sublethal doses of whole body irradiation (8 or 9 Gy) using a 137 Cs irradiator. Animals were monitored daily for signs of morbidity and euthanized when moribund. Kaplan-Meier survival curves were generated and analyzed using JMP 5 software. For BM transfer experiments, recipient mice were subjected to lethal irradiation (10 Gy) before transfer. For 5-FU treatments, a single dose of 150 mg/kg was injected i.p. and mice were analyzed 2 wk thereafter. BrdU was administered by injecting a single dose of 100 mg/kg i.p., followed by exposure to 1 mg/ml BrdU-supplemented drinking water for 18 h. BM transfers. BM cells from Sirt1-E4 fl/fl , ERT2-Cre mice and littermate controls were transplanted into lethally irradiated C/57BL6-Ly5.2 recipient mice (The Jackson Laboratory). For competitive transfer experiments, experimental CD45.2 + BM was mixed 1:1 with CD45.1 + recipient BM and 10 6 cells were injected by lateral tail vein injection. For noncompetitive transfers, 10 6 experimental BM cells were injected into CD45.1 + lethally irradiated recipients and mice were euthanized and analyzed at the indicated time points. For serial transplantation assays, 10 6 BM cells from pooled WT or SIRT1 / donors were transferred into CD45.1 + congenic recipients, three recipients per group were used for primary transfers, four recipients per group for secondary transfers, and eight recipients for tertiary transfers. Survival was monitored daily over the indicated time period. Animals were euthanized when moribund.
BM culture. BM cultures were performed as described previously (Suh et al., 2008) . In brief, 2 × 10 5 cells/ml of total nucleated BM cells were cultured in IMDM with 10% serum in presence of the indicated growth factors, 100 ng/ml murine SCF (PeproTech), 50 ng/ml murine IL6 (Biosource), 100 ng/ml human TPO (PeproTech), and 100 ng/ml human FLT3L (PeproTech). Cells were passaged every 4-5 d and reseeded at 2 × 10 5 cells/well. For metaphase and microarray analysis, BM cells were isolated after 4-6 wk of 4-OHT administration in vivo and expanded in the presence of all four growth factors for two to three passages. To achieve acute ablation of Sirt1, exon 4 was deleted in vitro: 10 6 total BM cells were plated in 1 ml and treated with 0.5 µM 4-OHT for 48-60 h in serum-free media (StemSpan SFEM; STEMCELL Tech) in the presence of SCF and TPO (Fig. 3 A and Fig. 4 E) . Cells were counted at every passage using a T4 cell counter (Nexcelom).
Immunophenotyping and cell sorting. For immunostaining of BM, spleen, and thymus, single cell suspension was prepared and nucleated cells were isolated by Leukocyte Separation Media (MP Biomedical). For HSPCs stainings, lineage-positive cells were excluded using Ter119, CD4, CD8, Mac-1, Gr-1, B220, and IL-7R (BD). Abs used to identify hematopoietic cell subsets were: c-Kit, Sca-1, CD34, CD48, Flk2/FLT3, CD150, and CD45.2 (eBioscience). Apoptotic cells were stained using the Annexin V Apoptosis detection kit II (BD). To detect DNA damage, cells were stained for cell surface markers, fixed and permeabilized using Cytofix/Cytoperm solution (BD), followed by intracellular staining with --H2AX-FITC Ab (Cell Signaling Technology). To detect BrdU incorporation, BM cells were isolated and analyzed using the FITC BrdU Flow kit according to the manufacturer's instructions (BD). FACS acquisition was performed on an LSRII flow cytometer (BD) and cell sorting on FACSAria (BD). FACS data were analyzed using FlowJo software (Tree Star).
ChIP analysis. ChIP analysis was performed as previously described (Shukla et al., 2011) . In brief, BM cells were subjected to Sirt1 exon 4 deletion in vitro and subsequent culture for one to two passages with four growth factors as described above. 5-10 million FACS-sorted c-Kit + Sca-1 + cells or unsorted damage accumulation on HSPC function. Mice with defects in various DNA repair pathways, as well as mouse models of telomere instability, show DNA damage accumulation, HSPC exhaustion, and concomitant BM failure (Rossi et al., 2007; Beier et al., 2012; Garaycoechea et al., 2012) . Moreover, recent work by Wang et al. (2012) demonstrated that activation of DNA damage response pathways promotes HSPC differentiation and loss of self-renewal capacity. Increased sensitivity to DNA damage in the absence of Sirt1 appears to be independent of Hoxa9, as increased Hoxa9 levels were not sufficient to promote DNA damage in vitro (see SCF treatment, Fig. 5 B) and loss of Hoxa9 was previously shown to result in increased radiation-sensitivity (Lawrence et al., 2005) . Together, these findings establish Sirt1 as a mediator of genomic stability in adult HSPCs, thereby extending previous findings in ES cells by us and others (Haigis and Sinclair, 2010; Palacios et al., 2010) .
In addition to Hoxa9, Sirt1 was recently found to regulate several of its known enzymatic targets, including FoxOs, in HSPCs and HSPC-derived cell lines (Matsui et al., 2012; Yuan et al., 2012a) . Interestingly, FoxO-deficient mice show increased LSK cycling and defects in long-term self-renewal in response to oxidative stress (Tothova et al., 2007) , suggesting a synergistic role for FoxOs and Hoxa9 in Sirt1-regulated HSPC maintenance.
It is of note that HSPC homeostasis is not only a central aspect of normal hematopoiesis but is also closely linked to tumors of the hematopoietic lineage. Perturbed quiescence and aberrant expansion of HSPCs, as observed here in the absence of Sirt1, are key steps in malignant transformation of both acute and chronic myeloid leukemia (AML and CML), which has furthermore been linked to increased Hoxa9 expression (Argiropoulos and Humphries, 2007) . In contrast, Sirt1 inhibition in chronic phase leukemia stem cells was found to enhance induction of apoptosis and blast crisis by promoting p53 acetylation Yuan et al., 2012a) , consistent with the DNA damage-associated increase in p53 acetylation and apoptosis in Sirt1-deficient HSPCs observed here (Fig. 5 C) . However, given that p53 expression, as well as its acetylation, were comparatively low in the absence of DNA damage, Sirt1 loss appears to promote stress-induced expansion rather than extensive cell death in nontransformed HSPCs in vivo. Together, these findings imply that Sirt1 may play a dual role in HSPC malignancies, where Sirt1 promotes survival in established CML tumors but protects primary HSPCs from aberrant proliferation and accumulation of mutagenic genomic defects. Our data, thus, add to the understanding of stress-induced changes in HSPC homeostasis with implications for HSPC maintenance with age as well as during malignant transformation.
MATERIALS AND METHODS
Mouse breeding and treatments. Mice were housed under special pathogen-free conditions. Sirt1-E4 fl/fl mice (Cheng et al., 2003) were backcrossed to C57BL/6 ERT2-Cre mice (Ruzankina et al., 2007) for at least six generations; all other strains were obtained on a C57BL/6 background. WT and Cre control mice were bred in house. To induce SIRT1 exon 4 deletion, and K. Noer for cell sorting. Animal work was approved by the NCI-Frederick Animal Care and Use Committee (ASP 09-066).
This work was supported by federal funds from the National Cancer Institute, The National Institutes of Health, The National Institutes of Health intramural research program, and under contract HHSN26120080001E.
The authors have no competing financial interests.
